Ribosomal DNA variation was used to study evolutionary relationships among five fungal-like protoctistan Phytophthom species. On the basis of morphological and ecological characteristics, four of these species-P. palmivoru, P. megukaryu, P. capsici, and P. citrophthora-were once thought to be related. Variation within a species was extensively studied in a fifth, outgroup species-P.
Introduction
Phytophthora contains some of the world's most important and destructive plant pathogens, such as P. injstans, the cause of late blight on potato, and P. cinnamomi, the cause of root rot on a large number of hardwoods. The current classification system in Phytophthora relies mainly on morphology of the sporangium and gametangia, with species being separated into six morphologically defined groups (Newhook et al. 1978; Waterhouse et al. 1983; Stamps et al. 1990 ). Morphological plasticity and overlap of phenotype among species makes classification difficult ( Brasier 1983, 199 1; Erwin 1983; Hansen 1987; Shaw 1988) and complicates the use of morphology for estimating interspecific relatedness. Species with similar morphology but independent lineages may be grouped together, or, in other cases, inconsistent morphological characters can be used to infer relationships in more than one way. Until recently, the use of mating tests to define biological species has not been possible, because of the difficulty of germinating oospores (Shattock et al. 1986a . As a result, several nonmor-Phylogeny of Phyfophthoru, Inferred from -EDNA ITS 637 phological approaches have been used to investigate relationships in Phytophthora (Erwin 1983; Shaw 1988; Brasier 1991) .
We have used ribosomal DNA internal transcribed spacer (rDNA ITS) variation to study evolutionary relationships among four Phytophthora species similar in morphology and associated with the black pod disease of cacao ( Theobroma cacao). Three of these species are segregates of the "P. palmivora complex" (Griffin 1977; Brasier and Griffin 1979) : P. palmivora E. J. Butler, P. megakarya C. Brasier and A. Griffin, and P. capsici Leonian (Brasier and Griffin 1979 ). The fourth is P. citrophthora R. E. Smith and E. H. Smith, and a fifth is the outgroup species, P. cinnamomi Rand. The species are delimited by thorough studies of their cytology, morphology, and biochemistry (Sansome et al. 1975; Brasier and Griffin 1979; Kaosiri and Zentmyer 1980; Zentmyer 1980; Old et al. 1984; Hardham et al. 1986 )) but their interrelationships are unknown. These fungi were chosen for the opportunity to compare nucleic acid characters with those already known and to go beyond species delimitation to phylogenetic relationships.
Intraspecific ITS variability was examined in 17 isolates of P. cinnamomi because this species is known to be variable in other characteristics. Phytophthora cinnamomi is heterothallic with Al and A2 mating types, causes root rot on many economically important hosts, and is notorious for its devastation of Eucalyptus forests in western Australia ( Weste and Marks 1987) . The predominance of the A2 type worldwide ( Arentz and Simpson 1986) ) the ability of only A2 mating type isolates to self-fertilize in response to Trichoderma (Brasier 1975) , and the different host ranges of Al and A2 (von Broembsen 1984; von Broembsen and Kruger 1985; Arentz and Simpson 1986; Zentmyer 1988 ) have led to the suggestion that Al and A2 are becoming reproductively isolated as a consequence of host specialization and geographical dispersal by man (Brasier 1978; Hansen 1987) . The isozyme electrophoretic patterns of Al isolates from Papua New Guinea are highly variable, whereas those of the A2 isolates are not, consistent with their proposed reproductive isolation (Old et al. 1984) . We hypothesized that ITS differences would be detected between these mating type isolates and corroborate their divergence.
Molecular approaches provide a new set of characters likely to produce greater phylogenetic accuracy than that obtainable by weighted analysis of morphological criteria (e.g., see Ho 1982; Brasier 199 1) . Isozyme and protein electrophoretic analysis have provided a bounty of information on genetic variability within and among Phytophthora species (Erselius and de Vallavieille 1984; Old et al. 1984; Tooley et al. 1985 Tooley et al. , 1989 Hansen et al. 1986; Bielenin et al. 1988; Nygaard et al. 1989; Spielman et al. 1990 ; Oudemans and Coffey 199 1 a, 199 1 b, 199 lc). Restriction-fragment-length polymorphism (RFLP) analysis of mitochondrial and nuclear DNA have been investigated and also have been used to estimate intra-and interspecific relatedness in Phytophthora (Klimczak and Prell 1984; Forster et al. 1987 Forster et al. , 1988 Forster et al. , 1990b SchumardHudspeth and Hudspeth 1990; Forster and Coffey 199 1; Mills et al. 199 1) . For the present study, we used a more precise technique, sequencing of rDNA. rDNA sequence comparisons can generate a large number of characters for phylogenetic inference and should provide a more accurate measurement of genetic distances between species.
rDNA nucleotide sequence comparisons provide a means for analyzing phylogenetic relationships over taxonomic levels ranging from species (Jorgensen and Cluster 1988) to kingdoms (Pace et al. 1986; Gouy and Li 1989; Forster et al. 1990a; Bruns et al. 199 1; Hendriks et al. 199 1; Schlegel 199 1) . rDNA consists of highly conserved regions interspersed with variable regions, making it an ideal candidate for molecular evolutionary studies (White et al. 1990 ). ITS regions evolve fast and may vary among species within a genus or among populations (Mandal 1984; Jorgensen and Cluster 1988; Gonzalez et al. 1990a Gonzalez et al. , 1990b Gardes et al. 199 1) .
On the basis of comparative studies using well-established molecular markers, ITS regions appear to be useful for evolutionary inference. Similar tree topologies were inferred from ITS I and 28s rRNA comparisons among hominids (Gonzalez et al. 1990b) . Polymerase chain-reaction amplification (PCR) and direct sequencing (Saiki et al. 1985; Mullis and Faloona 1987; White et al. 1990 ) made it possible to compare the ITS of many more isolates than could have been compared by the traditional cloning approach.
ITS I and ITS II regions were sequenced ( 176-233 bases and 417-436 bases, respectively) from 27 isolates representing five species. ITS variability was analyzed using parsimony methods (Felsenstein 1988; Swofford 1988 ) and neighbor-joining (NJ ) analysis (Saitou and Nei 1987 ) to generate a phylogenetic tree among these five species. The sequence data will facilitate the design of DNA probes specific to a group of closely related species, single species, or even single strains. These probes should be useful in studies of evolutionary and population biology and agriculture.
Material and Methods Isolates and Sources
Source, species, designated isolate numbers, geographical origin, mating type, host association, and providers of Phytophthora palmivora, P. megakarya, P. capsici, P. citrophthora, and P. cinnamomi are listed in table 1.
Growth Condition
The isolates were maintained on V8-C (V8 juice filtered through cheesecloth and pH adjusted with 5 g CaC03/354 ml; Ribeiro 1978), 1.5% agar slants at 17°C and were transferred every 6 mo. Relative growth rate and colony morphology were observed 2-4 d after transferring one 0.5-cm cube/slant to a V8-C, 1.5% agar Petri plate maintained at 20°C. Plate cultures 2-4 d old provided sufficient amounts of mycelia (2-4-cm diameter colonies; 0.05 g dry weight) for DNA extraction.
DNA Extraction
The 2-4-cm-diameter colonies, scraped from V8-C agar, were frozen in liquid nitrogen. Frozen mycelia were either lyophilized or directly ground in liquid nitrogen by using a mortar and pestle. Lyophilized mycelia were ground to a fine powder, and DNA was extracted by the method of Lee and Taylor ( 1990) . PCR Amplification rDNA ITS was amplified by PCR as previously described, starting with 0. l-1 .O ng of total genomic DNA (White et al. 1990 ) and using an automated thermal cycler (Perkin Elmer Cetus). The nucleotide sequences of the primers are as follows: ITSl, TCCGTAGGTGAACCTGCGG; ITM, GCTGCGTTCTTCATCGATGC; ITS3, GCATCGATGAAGAACGCAGC;
and ITS4, TCCTCCGCTTATTGATATGC. ITS 1 and ITS3 are 5 '-3' primers. ITS2 and ITS4 are 3 '-5' primers. All the primer sequences are written 5 '-3'. Spacer I (between the 18s and 5.8s rDNAs) is flanked by primers ITS1 and ITS2, and spacer II (between the 5.8s and 28s rDNAs) is flanked by primer pair ITS3 and ITS4, as previously described (White et al. 1990 ).
Thermal cycling parameters used were an initial denaturation at 96°C for 2 min, followed by 25-35 cycles consisting of denaturation at 96°C for 1 min, annealing at 55°C for 1 min, and extension at 72°C for 2 min. A final extension at 72°C for 10 ' Isolates preceded with a "p" or "c" were provided by M. Coffey (University of California, Riverside) and isolates preceded with an "a" were provided by M. Dudzinsky (CSIRO, Canberra).
min was done at the end of the amplification. Negative controls (no DNA template) were done in every experiment to test for the presence of contamination of reagents and reaction mixtures by sample DNA or previously amplified DNA.
Length and Restriction Analysis of Amplified Spacers
DNA from amplification reactions was directly electrophoresed in composite gels of 3% Nu-Sieve agarose (FMC)/ 1% SeaKem agarose at 5 V/cm. The gels were stained for 15 min in ethidium bromide (0.5 pg/ml), were destained for 15 min in distilled water, and were photographed under ultraviolet light. For restriction analysis, -1 pg of DNA from amplification reactions was digested according to the manufacturer's recommendations (Bethesda Research Labs, Gaithersburg, MD). The digested DNA was electrophoresed and visualized as described above.
Sequencing Reactions
For direct DNA sequencing, single-stranded template was obtained by the asymmetric amplification method (Gyllensten and Erlich 1988 ) with a primer ratio of 50: 2.5 pmol and 35 cycles, as described elsewhere (White et al. 1990 ), or by strand separation using biotin-streptavidin columns as described by Mitchell and Merill ( 1989) . For each isolate we started with > lo5 copies of template. Single-stranded template was generated in both directions either for the entire region (primers ITS 1 and 4) or for the ITS I and ITS II regions separately (primer pairs ITSl, 2; and ITS3, 4). DNA was sequenced either by using "S-dATP in the dideoxynucleotide chaintermination method ( Sanger et al. 1977 ) as modified by Tabor and Richardson ( 1987 ) or by Taq DNA polymerase in a procedure described by Brow ( 1990). For each isolate, sequencing was done in both directions, with the exception of P. citrophthora, for which sequencing was done in one direction several times. Samples were run on 42-cm, 5% acrylamide wedge gels with a constant temperature of 50°C at 1,500 V. DNA sequences were read from autoradiographs produced after 6-72 h exposure of Kodak X-OMAT film to the dried gel.
Computer-assisted Alignment and Sequence Analysis DNA sequences were read directly into a computer using the program COM-PUGEN and an automated gel reader (Compugen, St. Louis). Sequences were aligned (Needleman and Wunsch 1970; Sobel and Martinez 1985) by using the alignment subroutines GENALIGN and GENED (Intelligenetics, Mountain View, Calif.). Gaps were introduced manually into the sequences to increase their aligned similarity. The combined ITS I and ITS II data set had 679 aligned nucleotide positions, some of which were scored as deletions or unknowns in one or more taxa. Areas in which alignments were ambiguous were ignored in phylogenetic analysis. Cladistically informative positions were identified by inspection and were defined as those positions at which at least two different characters were each shared by two taxa, e.g., taxa 1 and 2 share A, and taxa 3 and 4 share G ( Nei 1987 ) .
Calculation of Nucleotide Differences and Nucleotide Substitutions
Pairwise nucleotide differences were determined from interspecific alignments. All unalignable and undetermined sites were ignored. Gapped areas were ignored except in three cases (P. megasperma nucleotide 14 in fig. 2a and nucleotides 200 and 378 in fig. 2b ). These sites were included in the parsimony analyses. The total number of aligned bases was 169 and 337 for ITS I and ITS II, respectively. Proportion of nucleotide differences (p) was calculated as p = rid/n,, where nd and n are the number of positions at which nucleotides differ between the two sequences and the total number of nucleotide positions compared, respectively ( Nei 1987 ) .
Distances were inferred from sequences by using the one-parameter model of Jukes and Cantor ( 1969) . The number of nucleotide substitutions per site (d) was estimated from d = -(3/4)ln[ 1 -(y3)p], under the following two assumptions: ( 1) that substitution rates among the four types of nucleotides are equal and (2) that the frequencies of the bases are equal. Distances for ITS I, ITS II, and the combined data are listed in matrices in table 2). The d values were multiplied by 100 and indicate substitutions per 100 sites. 
Construction of Phylogenetic Trees
Topology and branch lengths of phylogenetic trees were evaluated by using the NJ method (NJTREE; Saitou and Nei 1987; Studier and Keppler 1988) provided by M. Nei (Institute of Molecular Evolutionary Genetics, Pennsylvania State University, University Park). Parsimony analysis [phylogenetic analysis using parsimony (PAUP) 3.0 ( Swofford 1988 ) , DNAPARS, DNAPENNY, and phyzogenetic inference package using parsimony (PHYLIP) 3.1 (Felsenstein 1988) ] was also used to investigate the tree topology. Confidence limits for branches of the most parsimonious tree were estimated by bootstrap analysis with 1,000 interactions (DNABOOT, PHYLIP 3.1). The informative sites were also used to evaluate the tree topology among the four morphologically similar species-P. palmivora, P. megakarya, P. capsici, and P. citrophthora-by using the winning-sites test (Prager and Wilson 1988) .
Results
Primers ITS 1 and ITS4 were used to amplify spacers I and II as a single fragment from all isolates listed in table 1. RsaI restriction digests of these fragments were used to survey intra-and interspecific variation. Within Phytophthora cinnamomi, P. palmivora, P, megakarya, and P. capsici, virtually no ITS variation was detected by restriction analysis. However, between different species, restriction-fragment-length variation was detected ( fig. 1 ) . Sequence analysis generally confirmed the results from restriction analysis, except that in some cases additional variation could be detected ( fig. 2) . isolate 495 and Piper isolate 56 1 differed 1.1% and 0.5% in ITS I and ITS II, respectively [ 2/ 176 and 2/417 (no. of differences/total no. of aligned sites)]. The nucleotide positions at which intraspecific heterogeneity was detected are shown in figure 2. The identity of the Heveu and Piper isolates was not challenged by the low amount of variability, so the common sequence of the cacao isolates was used for the final interspecific comparisons (fig. 2 ) . The ITS sequence of isolate 3025 was not completed and is not shown.
P. citrophthora
Three P. citrophthora isolates were analyzed: one from cacao isolate 449 and two from citrus isolates 3 18 and 3 16 (table 1). Unlike the case for all other species examined, RsaI ITS restriction-fragment patterns were not identical among these isolates ( fig.  1 ). Intraspecific length variation was detected for both ITS regions. ITS I of isolates 449, 3 16, and 3 18 were 176 bp, 186 bp, and 196 bp, respectively. ITS II of isolate 3 18 measured 427 bp. ITS II for isolates 449 and 3 16 were estimated to be 420 and 4 17 bp, on the basis of restriction analysis and partial sequence analysis.
ITS I and ITS II sequence differences between P. citrophthoru isolates were 2.4%-4.2% and 1.3%-1.6%, respectively. Unlike P. cinnamomi, where one sequence was representative of many phenotypically diverse isolates, no sequence of P. citrophthora could be deemed representative, and all three were included in the phylogenetic analysis.
Conserved Pattern of Repeats near rDNA Termini
Conserved patterns of repeats, which are near the 3 ' and 5 ' ends of each ITS region and which were first recognized as common to mouse, Xenopus laevis, yeast, and rat (Goldman et al. 1983) , are also present in the transcribed spacers of several Phytophthoras. We were able to detect direct four-nucleotide repeats at the 3 ' ends of 18s and 5.8s rRNAs; however, in Phytophthora the repeats were spaced farther apart than those previously reported (e.g., CCAC.. 14N..CCAC, found at the 3 ' terminus of 18s rDNA; see fig. 2a ).
Interspecific ITS Variability ITS I and ITS II consensus sequences of P. cinnamomi, P. palmivora, P. megakuryu, and P. cupsici (two cacao isolates) were aligned with sequences of three isolates of P. citrophthoru ( fig. 2) . To find the most likely tree topology, the data were analyzed by parsimony and distance methods. For parsimony analysis, 34 informative sites ( 12 from ITS I and 22 from ITS II) were used ( fig. 2 ). For NJ, the distance matrices of the Jukes and Cantor ( 1969) corrected distance values (i.e., d) were used (table 2) .
Phylogenetic relationships were first evaluated by parsimony analysis using one isolate of P. citrophthoru at a time (three combinations of five taxa). Evaluation of tree topology was performed with separate and combined ITS data sets. Results from all combinations of five taxa and data sets support one most parsimonious tree relating the five Phytophthora species (fig. 3) .
A close relationship is indicated between cacao isolates of P. capsici and P. citrophthora, and a common lineage for P. palmivora and P. megakarya was also supported. Confidence limits for internal branches were estimated by using 1,000 iterations in bootstrap analysis (DNABOOT, PHYLIP 3.1). Branches C and D were strongly supported, by 98% and lOO%, respectively. Winning-sites tests (Prager and Wilson 1988) using the informative sites of P. megakarya, P. palmivora, P, capsici, and any isolate of P. citrophthora also strongly support the same relationships among these four taxa, compared with the other two possible topologies (data not shown). 
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2.-Interspecific alignments of ITS I (a) and ITS II (b) of the following Phytophthoru species: P. megakarya, both identical sequences (megakarya); P. pulmivoru, three identical sequences (palmivora); P. cinnamomi, 15 identical sequences (cinnamomi); P. cupsici, identical sequences from isolates 622 and 623 (capsici) ; and P. citrophthoru, three sequences, each different, from isolates 449, 3 18, and 3 16 ( P. citro) . A dot ( -) indicates identity with the P. megukatyu sequence. A dash (-) indicates introduced gaps. A capital "N" indicates undetermined nucleotides. An asterisk (*) above the interspecific alignments indicates informative sites ( 12 from ITS I and 23 from ITS II) as defined in Materials and Methods. A pound sign (#) above the interspecific sequences indicates sites that appear informative but that were excluded because alternative alignments are possible at these positions. Underlining in the P. cinnamomi common sequence, along with a plus sign (+) below the alignment, indicates sites of ITS II heterogeneity detected between 2264 and the other P. cinnamomi isolates. (cinn 2264), and nucleotide substitutions or deletions are indicated below each plus sign. A caret sign (A) below the alignment indicates a short insertion detected at position 399 in the P. cinnamomi 2264 sequence. Underlining in the P. capsici common sequences indicates sites of ITS I and ITS II heterogeneity between the Cacao isolates (622 and 623) and the Hevea (495) and Piper (56 1) isolates of P. cupsici, and the base differences are indicated by the plus sign below the alignments (caps 495 and caps 56 1) . The two "vvvv" series above the sequence indicate short direct repeats.
NJ analyses using the combined data (table 2, lower matrix) support a tree ( fig.  4) with the same topology as that seen in the parsimony and bootstrap tree ( fig. 3) . NJ analyses using either ITS I or ITS II separately also support the same topology, but distances between taxa for the two data sets differ (data not shown), The discrepancy in the distance values inferred from ITS I and ITS II may not be significant, as their confidence limits were not calculated. 
Discussion
Our results show that ITS sequence variation was low within species of the "Phytophthora palmivora complex"-i.e., P. palmivora, P. megakarya, and P. capsicibut are high enough between species to support their separation (Brasier and Griffin 1979; Kaosiri and Zentmyer 1980; Panabieres et al. 1989; Forster and Coffey 199 1; Oudemans and Coffey 199 1 b, 199 1 c) . ITS variability was analyzed by using parsimony, NJ, and winning-sites methods. All methods support both a close relationship between cacao isolates of P. capsici and P. citrophthora and a common lineage for P. palmivora and P. megakarya. Large distance values were estimated between P. cinnamomi and the other species. Molecular-based relationships are consistent with species affinities that can be inferred from morphology (Newhook et al. 1978; Waterhouse et al. 1983; Stamps et al. 1990 ).
Intraspecific ITS Variation
Differences between Al and A2 mating types of P. cinnamomi have led others to suggest that the two mating types are no longer interbreeding (Hansen 1987) . If this is true, then one would expect ITS differences to correlate with mating type. However, 15 of 17 A 1 and A2 isolates from a wide host and geographical range had identical ITS. Thus ITS homogeneity cannot be used to support A l-A2 reproductive isolation. It is possible that reproductive isolation may have occurred too recently for ITS nucleotide change to accumulate-and, therefore, that the absence of ITS variability does not provide strong evidence against a recent mating-type isolation.
No intraspecific ITS variation was detected among three isolates of P. palmivora or between two of P. megakarya. However, in 2 of 17 P. cinnamomi isolates (2404 and 2264) low amounts of intraspecific variation were detected. Low amounts of ITS intraspecific variability were also detected between the cacao isolates (622 and 623) (table 2) for Phytophthora species. Host association, sporangial apex type, and Waterhouse Group (Waterhouse et al. 1983) for each taxon are also indicated. and the Hevea and Piper isolates (495 and 56 1, respectively) of P. capsici and among the cacao isolate (449 ) and citrus-species isolates ( 3 18 and 3 16) of P. citrophthora.
The significance of ITS variation within morphological species is difficult to evaluate because isolates of different species with similar morphology are sometimes grouped together (Brasier and Griffin 1979; Kaosiri and Zentmyer 1980) . Although parsimony analysis indicated that the closest relationship of P. cinnamomi isolate 2264 was to other isolates of P. cinnamomi (data not shown), no other species with morphology similar to that of P. cinnamomi were examined.
Molecular distances within P. citrophthora were approximately the same as distances between the P. citrophthora isolate (449) and the P. capsici isolates (622 and 623). These species are morphologically similar, and their molecular similarity suggests that these P. capsici and P. citrophthora isolates are not members of distinct species. ITS variation between isolates of P. capsici and P. citrophthora is too low (below the 80% level in parsimony analysis with 1,000 bootstrapped samples) to provide significant phylogenetic resolution.
The extent of ITS intraspecific variability correlates with that of other molecular characters. The cacao isolate (449) and citrus isolate ( 3 18) of P. citrophthora can be distinguished by different ITS sequence, as well as by their mtDNA restriction-fragment patterns ( Forster et al. 19906 ) and isozyme differences (Oudemans and Coffey 199 1 b) .
Furthermore, a cloned DNA probe from P. citrophthoru will hybridize to isolates obtained from a variety of hosts (including citrus isolate 3 18 ) but not to those obtained from cacao (including isolate 449; Goodwin et al. 1990 ).
ITS Evolution
Intraspecific ITS variation is also low in ( 1) (Takaiwa et al. 1985 ) ] , and (4) animals [ < 1 .O% in humans (Gonzalez et al. 1990b) ]. Within each Phytophthoru species studied, the G+C content of ITS I nearly equals that of ITS II, (e.g., 46.7% for ITS I and 49.8% for ITS II of P. megukarya), as has been observed in 19 of 20 other fungi, plants, and animals (Torres et al. 1990 ). G-C balance has been interpreted as support for molecular coevolution of both ITSs (Gonzalez et al. 1990a; Torres et al. 1990) .
Some areas of the ITSs are highly conserved among Phytophthora species ( fig.  2 ). Interspersions of highly conserved tracts with divergent regions suggests that some areas are subject to stronger selective pressures ( Michot et al. 1983; Torres et al. 1990 ) . Sequences bordering mature rRNA termini are likely to function in pre-rRNA processing (Veldman et al. 1980, 198 1; Goldman et al. 1983) . Conserved patterns of repeats, near the 3 ' and 5 ' ends of each ITS region and first recognized as common to mouse, Xenopus luevis, yeast, and rat (Goldman et al. 1983) , are also present in the transcribed spacers of several Phytophthora species. The chance occurrence of short simple repeats might explain an entirely random distribution of repeats (Levinson and Gutman 1987) but does not seem likely to explain their apparent widespread positional conservation in animals, plants, and fungi (Goldman et al. 1983) .
The ITSs and 25/288 rRNA of some eukaryotes share similar sequence characteristics: small simple DNA repeat motifs in variable regions Gonzalez et al. 1990~; Tort-es et al. 1990 ). Simple repeat motifs are also present in Phytophthora ITS [e.g., see fig. 2a , P. megakarya,. nucleotide positions 58-7 1 (CGG, CGG, CGG, CTG, CTG)] . Simple repeats are often generated by replication slippedstrand mispairing (Levinson and Gutman 1987) . However, in Drosophila melanogaster, ITSs did not show elevated levels of simplicity and therefore are probably not due to slippage replication (Tautz et al. 1988 ).
Interspecific ITS Variation
Both P, citrophthora and species in the P. palmivora complex (i.e., P. palmivora, P. megakarya, and P. capsici) have papillate sporangia and amphigynous gametangia ( Newhook et al. 1978 ) , and each has been associated with black pod of cacao ( Brasier et al. 198 1; Gregory and Maddison 198 1; Kellam and Zentmyer 198 1) . Although the latter three are distinguishable by chromosome number and type, sporangial pedicel length, and colony morphology, these widely differing characters could not be used to infer evolutionary relationships among them (Brasier and Griffin 1979 ) .
The P. palmivora, P. megakarya, and P. capsici (MF4) isolates can be distinguished by ITS restriction analysis with RsaI ( fig. 1) . Their ITS variability provides further support for their separation into distinct species based on other characters (Brasier and Griffin 1979; Kaosiri and Zentmyer 1980; Panabieres et al. 1989 ). Phytophthora cinnamomi isolates are also easily distinguished from the other Phytophthora Downloaded from https://academic.oup.com/mbe/article-abstract/9/4/636/1254078 by guest on 19 February 2019 species, by using RsaI restriction-fragment patterns. Rapid species identification of some Phytophthoru isolates may be possible by using restriction analysis of PCRamplified ITS. This method has been used to identify isolates of Cryptoccocus species (Vilgalys and Hester 1990) .
Large ITS distances between P. cinnamomi and the other species are consistent with their traditional morphological grouping (fig. 4) . P. cinnamomi, a group VI species, has nonpapillate, internally proliferating sporangia. The other species in group II have papillate sporangia (Newhook et al. 1978) .
ITS distances support relationships among the group II species that can also be inferred from their morphology (fig. 4) . ITS distances values were lowest between pairs of P. citrophthoru and P. cupsici isolates. These isolates both have irregularly shaped, sometimes bipapillate sporangia (Newhook et al. 1978; Ribeiro 1978; Stamps et al. 1990 ). These isolates also differ from P. pulmivoru and P. megukaryu isolates, which have ovoid-ellipsoid, unipapillate sporangia and share a common lineage on the basis of ITS comparisons. These results support the use of the sporangial apex type in the grouping of species of Phytophthora and provide further evidence that the ITS regions are useful for investigating interspecific relatedness in this genus.
